Introduction
In leukocytes, calcium signaling is triggered by the activity of phospholipase C (PLC), which opens IP 3 -gated channels embedded in the membranes of internal calcium stores. During G-protein coupled receptor (GPCR)-stimulated calcium release, endoplasmic reticulum stores are depleted, resulting in store-operated Ca 2ϩ entry (SOCE) through plasma membrane channels. Store release and SOCE are an interconnected system that cooperates to raise cytoplasmic calcium concentration. Normal T-cell function is dependent on SOCE mediated by low conductance and highly ion-specific Ca 2ϩ -release-activated calcium (CRAC) channels. Recently, the sensor of calcium store depletion, STIM1, 1,2 and an essential transmembrane component of the CRAC channel, Orai1, have been identified in T cells, B cells, and mast cells. [3] [4] [5] [6] Orai1 is one of several 4-transmembrane CRAC channels that regulates influx of calcium from outside of the cell. Because Orai1-mediated calcium signaling was demonstrated to be essential to the function of lymphocytes, we hypothesized that Orai1 is also a component of signaling in innate immunity and particularly in the acute inflammatory response of neutrophils (PMNs) under shear stress of flowing blood. Stimulation of PMNs with formyl peptide activates SOCE that has properties consistent with calcium entry mediated by CRAC. Indeed, Orai1 appears to cooperate with transient receptor potential channels (TRPCs) to mediate calcium entry in PMNs. 7 Human neutrophils contain TRPC1, 3, 4, and 6, whereas only the latter has been implicated as the SOCE channel-regulating calcium influx in PMNs activated via soluble E-selectin and GPCR. [8] [9] [10] Using newly available tools to alter Orai1 expression in PMNs, we examined the signaling role of calcium entry in cell arrest and shape polarization.
The majority of formyl peptide-induced calcium up-regulation originates from extracellular calcium, 11 possibly entering through channels formed from Orai1 subunits. For example, production of bactericidal reactive oxygen species and GPCR-induced production of superoxide are partially dependent on extracellular calcium as it is sensitive to SOCE blockade by La 3ϩ . 12, 13 Much of this calcium entry and signaling occurs in the context of a coordinated process of PMN recruitment, which involves capture by inflamed vascular endothelium, rolling and signaling via selectin and chemokine receptor engagement, arrest supported by integrin bond formation, and subsequent migration toward the site of tissue insult. Several lines of evidence support a role for SOCE in PMN recruitment. A rise in calcium causes membrane up-regulation and an upshift in affinity of the ␤ 2 -integrin Mac-1, 14 which is known to participate in both arrest and migration of PMNs. 15, 16 Although chelation of calcium appears to exert a small effect on PMN migration, 17, 18 calcium release can trigger cation depolarization and restructuring of the actin cytoskeleton, which may be involved in fine-tuning and directing PMN migration and phagocytosis. 19, 20 Furthermore, calcium transients are associated with cytoskeletal coordination of phagocytosis and spreading of adherent PMNs. [21] [22] [23] Migration of PMNs involves intracellular integrin trafficking and uropod detachment, both of which are calcium dependent. 24, 25 Thus, there is evidence that localized calcium entry and cytoplasmic flux modulate integrin-binding activity and cytoskeletal functions that underlie PMN recruitment, but questions remain regarding the mechanism by which transients in cytosolic release can signal sequential events, such as adhesion and motility.
PMN recruitment occurs under conditions of fluid shear stress, which drives initial cell capture and transient rolling adhesion. Tensile forces exerted on selectin and integrin bonds also profoundly influence signaling events necessary for contact-mediated guidance of leukocyte migration. [26] [27] [28] [29] Unanswered questions regarding how calcium signaling regulates recruitment under shear flow remain; for instance, it is not known how the dynamics of calcium entry correlate with the onset of arrest in a rolling PMN. Specifically, are integrin activation and PMN arrest triggered during calcium entry via SOCE or is calcium store release preeminent? One reason such questions remain is that extracellular calcium ions are required for cell capture via selectin bond formation. 30 Therefore, studying subsequent rolling and arrest in the absence of calcium signaling is technically difficult. Altering Orai1 expression in human PMNs through RNAi or gene deletion in a knockout mouse model makes it possible to study its role in recruitment under shear stress. For these studies, we have used a custom microfluidic channel that enables precise delivery of agonists and Ca 2ϩ cation during neutrophil-endothelial recruitment and realtime ratiometric calcium imaging. 31 This approach was applied to analyze the dynamics in intracellular calcium concentration during the multistep process of PMN rolling, arrest, and shape polarization.
Methods

Reagents and antibodies
Human and mouse ICAM-1-Fc and E-selectin-Fc were purchased from R&D Systems. Protein A/G was purchased from Pierce Chemical. 2-Aminoethoxydiphenyl borate (2-APB) was purchased from EMD Biosciences, resuspended in H 2 O free dimethyl sulfoxide (DMSO) at a concentration of 100mM, and stored at Ϫ80°C under dry N 2 . PLC inhibitor U73122 was purchased from EMD Biosciences and resuspended to 1mM in dry DMSO, and stored at Ϫ80°C under dry N 2 . Thapsigargin was purchased from Invitrogen and resuspended to 1mM in dry DMSO the same day as the experiment. The potassium channel inhibitors TRAM-34 and PAP-1 were a gift from the laboratory of Heike Wulff. Anti-CD18 antibody 327C was obtained as a generous gift from ICOS, now an entity of Eli Lilly. Polyclonal rabbit anti-human Orai1 was purchased from Alomone Labs. Polyclonal anti-mouse Orai1 was purchased from Abcam. Goat anti-rabbitAlexa 488 polyclonal secondary antibody and normal goat serum were purchased from Thermo-Fisher Scientific.
Neutrophil isolation
PMNs were isolated from whole human blood as previously described. 32 In brief, whole blood was obtained from consenting donors and layered over PMN separation media purchased from Thermo-Fisher Scientific. After centrifugation, PMNs were extracted from the appropriate density layer and washed with N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acidbuffered salt solution. Mice heterozygous for Orai1 deletion were a generous gift from the laboratory of Dr Anjana Rao (Harvard Medical School). 33 Mice were genotyped from tail clippings by polymerase chain reaction (PCR), and PMNs were isolated from the bone marrow of littermate Orai1Ϫ/ϩ and wild-type (WT) ICR strain mice as previously described. 33, 34 This study was approved by the Institutional Review Board of University of California-Davis (approval identification number 200911635-7).
Cell culture
L cells stably expressing E-selectin or coexpressing E-selectin and ICAM-1 were derived as previously described. 32 Both cell types support PMN arrest after GPCR stimulation through Mac-1, although the presence of ICAM-1 facilitates LFA-1 and Mac-1-dependent arrest even in absence of GPCR signaling. 31 ICAM-1 expression was necessary to observe arrest in PMNs stimulated with thapsigargin and extracellular calcium in the absence of formyl Met-Leu-Phe (fMLP) stimulation. L cells expressing only E-selectin were used in experiments where PMNs were stimulated with fMLP to avoid premature LFA-1-dependent arrest of PMNs. L cells were grown in RPMI media supplemented with selection agents (geneticin and mycophenolic acid) until confluence, then serially passaged up to 10 times to maintain cell numbers. Two days before the experiment, L cells were transferred from culture flasks to glass coverslips and grown again to confluence. HL-60 cells were maintained in Advanced RPMI containing 10% United States Department of Agriculture-certified low endotoxin fetal bovine serum by serial dilution (JRS Scientific).
siRNA
HL-60 cells were transfected with negative control siRNA (AllStars; QIAGEN) labeled with Alexa 488, with sterile water (a mock transfection), or with Orai1-specific siRNA (QIAGEN) by electroporation using the MXCell electroporator (Bio-Rad) according to the manufacturer's instructions. HL-60 cells were given fresh media 24 hours before electroporation to maximize survival. Cells were pelleted from media, resususpended in high resistance electroporation buffer (Bio-Rad) in the presence of 200nM siRNA, and electroporated with an exponential waveform at 250 V, 1000 ohms, 500 F. Immediately after electroporation, cells were transferred to 37°C media containing 1.3% DMSO and differentiated for 2 days under the influence of siRNA. Transfection efficiency was optimized by measuring control siRNA delivery by flow cytometry.
Cytometry
Expression of Orai1, in HL-60 cells as well as in human and mouse PMNs, was measured by flow cytometry. Cells were fixed with 4% paraformaldehyde for 5 minutes at 0°C, washed with phosphate-buffered saline (PBS), permeablized with 0.1% Triton X-100 for 2 minutes, and resuspended in PBS plus 10% normal goat serum. Cells were incubated with primary antibodies in 10% normal goat serum for 1 hour at 0°C, washed once in PBS, and then labeled with secondary goat anti-rabbit Alexa 488 for 30 minutes at 0°C in 10% goat serum. Samples were then read by a FACScan laser cytometer and quantified for median fluorescence intensity at constant amplifier settings.
Expression of high-affinity ␤ 2 -integrin was measured by incubating PMNs with 5 g/mL the Dylight-488-conjugated monoclonal antibody 327C, which recognizes an extended conformation of the ␤ 2 -subunit. 25, 35 PMNs or differentiated HL-60 cells were stimulated for 5 minutes with 0.1M fMLP in the presence of the reporter antibody and relevant inhibitors and then immediately placed on ice for 30 minutes. After stimulation and labeling, cells were analyzed by flow cytometry for median fluorescence intensity after washing with PBS.
Shear/calcium assay
PMNs (human, mouse, or differentiated HL-60) were suspended at a concentration of 10 6 /mL in N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid-buffered salt solution and labeled with fura-2 AM for 30 minutes at 37°C. Cells were then washed and resuspended in N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid-buffered salt solution. Labeled cells were perfused into a microfluidic flow chamber and imaged as previously described. 29, 31 Briefly, cells were drawn into the microfluidic chamber at a calculated shear stress of 2 dyne/cm 2 and sequentially imaged over time with alternating excitation by 340nM and 380nM light generated by a mercury arc lamp attached to a filter wheel with 0.1 second switch time. Images were acquired with an Orca-ER camera (Hamamatsu) coupled to a Nikon 1200 microscope running SimplePCI 5.3 software. Image sequences were analyzed for the ratio between emission at 340nM and 380nM using custom macros written for Image Pro Plus 5.1. During analysis, the average intensity of each cell was identified in a confined area of interest around each cell for both the 340nM and 380nM exposure. This method of cell identification and local overlap accounted for moderate motion of rolling PMNs during image acquisition. The shape of each cell was measured by applying an intensity threshold to the image under 380nM illumination for every 10th frame. Cells with a length-to-width ratio greater than 1.5 (ie, 50% deformation from a circular shape) were considered polarized. Rolling versus arrested PMNs were determined by tracking the centroid of each cell image over 10-second increments by an automated macro in Image Pro Plus. PMNs that moved less than 4 m in 10 seconds (approximately half a cell diameter) were considered arrested rather than rolling. In certain experiments, PMNs were fixed with 2% paraformaldehyde at various time points during the experiment and then incubated with 5 mg/mL 327C conjugated to Dylight-488 for 1 hour at 4°C. An optical slice within 1 m of the surface of contact between the PMNs and substrate was captured using confocal microscopy.
TIRF microscopy of calcium
Human and mouse PMNs were loaded with 1M fluo-5f for 30 minutes at 37°C, washed, and perfused over E-selectin, and ICAM-1 coated glass coverslips in a microfluidic flow chamber at a calculated shear stress of 2 dyne/cm 2 . Human or mouse Fc-recombinant proteins were derivatized to protein-A/G coated coverslips to study each species as previously described. 29 Arresting PMNs were excited with a 488-nm laser and imaged via total internal reflection (TIRF) microscopy at 1 frame per second to observe changes in intracellular calcium in a focal section of the PMNs approximately 100 nm from the surface of the coverslip.
Quantitative PCR
Cellular expression of Orai1 mRNA was determined by quantitative real-time PCR. To determine the extent of Orai1 expression, RNA was extracted from 10 6 HL-60 cells using an RNeasy mini kit (QIAGEN). To confirm siRNA-dependent knockdown of mRNA expression, RNA was also extracted 1 day after transfection of HL-60 cells with Orai1-specific siRNA, negative control siRNA, or an equal volume of sterile water (mock transfection). Quantitative PCR was carried out in the presence of primers for ribosomal protein L (RPL, a control gene) or Orai1 primers using a prevalidated TaqMan gene expression assay (Applied Biosystems) in conjunction with a Mastercycler PCR system according to the manufacturer's instructions.
Statistical analysis
Differences between single pairs of conditions were analyzed for significance by 2-tailed t test. For figures containing exclusively paired observations, P values were obtained by 2-tailed paired t test. Unpaired multiple comparisons were conducted by 1-way analysis of variance with Tukey post-test in GraphPad Prism 5. All error bars represent mean plus or minus SEM based on several independent experiments indicated in the figure legends.
Results
Suppression of Orai1 expression in mouse and human PMNs
Orai1 expression has previously been confirmed in PMNs and HL-60 cells by real-time quantitative PCR and in HL-60 cells by Western blot. 7 We endeavored to knock down Orai1 expression in human PMNs using siRNA on myeloid-differentiated HL-60 cells and in mice heterozygous for Orai1 gene deletion (Orai1Ϫ/ϩ). Expression of Orai1 on human PMNs and differentiated HL-60 was detected with a polyclonal primary antibody and quantified by a labeled secondary antibody using fluorescence flow cytometry ( Figure 1A ). Membrane expression of Orai1 was significantly greater than the background fluorescence as determined by competitive binding of primary antibody in the presence of excess Orai1 decoy peptide. HL-60 were electroporated in the presence of 200nM gene-specific siRNA, which reduced surface expression of Orai1 by approximately 50% from that detected in cells treated with an equal concentration of negative control siRNA. Knockdown of Orai1 mRNA relative to a control protein (RPL) was confirmed by quantitative PCR, which registered a 77% decrease compared with the control siRNA transfectants ( Figure 1B ). This ratio of protein inhibition relative to mRNA knockdown is consistent with previously reported data for Orai1 RNAi and may stem from slow degradation and turnover of surface proteins in differentiating HL-60 cells. 7 Taken together, these data indicate that PMNs For personal use only. at UNIV OF CALIFORNIA DAVIS on November 10, 2010. www.bloodjournal.org From and HL-60 cells express Orai1, which can be reduced by siRNA knockdown in HL-60 cells.
Orai1-deficient mice were recently developed that exhibit many of the defects associated with natural mutations in humans that render Orai1 dysfunctional. Because mice homozygous for the Orai1 deletion often die in utero, are prone to premature death, and exhibit severe skin defects, we used Orai1Ϫ/ϩ PMN as a model of Orai1 deficiency relative to PMNs from WT Orai1ϩ/ϩ littermates. Heterozygous Orai1Ϫ/ϩ mice were derived in a B6 strain background by homologous recombination, then backcrossed for 6 generations with outbred ICR mice to improve the survivability of knockouts. 3, 5 Orai1Ϫ/ϩ mice were confirmed to have 50% of the gene expression of WT based on electrophoresis of amplified DNA ( Figure 1C ). This correlated with an approximate 50% decrease in Orai1 protein expression as measured by flow cytometry ( Figure 1D ). This deficiency was previously shown to result in defective regulation of calcium entry in T cells and B cells compared with WT counterparts. 5 Ca 2؉ dynamics during neutrophil arrest and shape polarization
Bacterial peptides, such as fMLP, produce an elevation of intracellular calcium through the combination of GPCR-signaled PLCdependent store release and SOCE. Using human and murine PMNs, we examined whether SOCE mediated by Orai1 was responsible for the transition from rolling to arrest and subsequent shape polarization during fMLP stimulation under shear stress. PMNs were infused under a fluid shear stress of 2 dyne/cm 2 on a monolayer of L cells stably expressing E-selectin, which supports CD11b/CD18-dependent arrest and migration. 36 Activation of rolling PMNs with fMLP resulted in an immediate increase in intracellular calcium and transition to arrest and subsequent shape polarization (as defined by PMNs length/width ratio Ͼ 1.5; Figure  2A ). PMNs from Orai1Ϫ/ϩ mice had 47% reduced peak calcium up-regulation compared with WT littermates, consistent with Orai1 functioning as a primary store-operated channel ( Figure 2B ). Orai1Ϫ/ϩ PMNs exhibited a significant defect in transition from rolling to arrest compared with Orai1ϩ/ϩ during the first minute after fMLP infusion (25% vs 65% at 30 seconds, P Ͻ .05), suggesting that SOCE contributes to adhesion function via integrin activation. The rate of polarization of Orai1Ϫ/ϩ PMNs was substantially reduced compared with Orai1ϩ/ϩ PMNs, resulting in up to 50% fewer polarized neutrophils after 60 seconds of stimulation (58% vs 18%, P Ͻ .05). These data demonstrate that Orai1 is a key regulator of PMN SOCE and that loss of half of the gene expression has a profound effect on calcium signaling and the efficiency of PMNs transition from arrest to a migratory phenotype.
Stimulation of HL-60 cells with fMLP caused a sequence of increased intracellular calcium, cell arrest, and polarization similar to that seen in freshly isolated PMNs ( Figure 2C ). The kinetics of arrest and polarization were somewhat slower than freshly isolated PMNs, which was attributed to the incomplete maturity of 2-day differentiated HL-60. Knockdown of Orai1 with siRNA in HL-60 reduced the extent of the rise of intracellular calcium by 44%, which correlated with a significant drop in the fraction of cells arresting and polarized in response to the stimulus over time (individual HL-60 fura-2 traces, supplemental Figure 1 , available on the Blood website; see the Supplemental Materials link at the top of the online article). Orai1 knockdown PMNs had significantly higher rolling fractions at 130 seconds, 160 seconds, and 170 seconds (P ϭ .04, .03, and .02, respectively) and lower polarization fractions at 150 seconds, 160 seconds, and 170 seconds (P ϭ .03, .005, and .04, respectively) than control transfected cells. Similar to the Orai1Ϫ/ϩ mouse PMNs, RNA knockdown of Orai1 induced an approximate 20% decrease in arrest compared with control and an effective 30-second delay in polarization in response to fMLP.
To determine the relative contributions of SOCE and PLCdependent cytosolic stores in facilitating the transition from arrest to a migratory phenotype, we examined the effects of the pharmacologic inhibitors 2-APB and U73122 on HL-60 and human PMNs freshly isolated from whole blood. Pretreatment with 2-APB effectively inhibited calcium entry inhibiting its up-regulation more than 80% in both HL-60 and isolated PMNs (Figure 2C-D) . This result was equivalent to PMN treatment with 10M LaCl 3 , which effectively blocks all channel-mediated calcium entry (supplemental Figure 2 ). Similar to the defect observed in mouse Orai1Ϫ/ϩ, 2-APB treatment delayed the onset and reduced the extent of PMN arrest and shape polarization. Because activation of PLC underlies both release of cytoplasmic calcium stores as well as resulting SOCE, PMNs were preincubated with the PLC inhibitor U73122. This treatment completely abrogated the elevation in intracellular calcium and the transition to arrest and shape polarization, implying that calcium entry via SOCE and kinase signaling downstream from PLC is required for activation of these responses.
SOCE induces arrest of rolling PMNs through Orai1
To isolate the function of SOCE in activating the transition from rolling to arrest, PMNs were labeled with fura-2, and then calcium stores were depleted by incubation with 1 M thapsigargin in Ca 2ϩ free media. PMNs were then perfused over an E-selectin/ICAM-1-coated surface within a microfluidic flow chamber and exposed to a bolus containing 1.5mM CaCl 2 , which served as an agonist to initiate rolling on E-selectin and Mac-1-and LFA-1-dependent arrest on ICAM-1. 29 After infusion of CaCl 2 , tethered and rolling mouse PMNs, human PMNs, or HL-60 cells registered a progressive elevation of intracellular calcium ( Figure 3) . As with infusion of the fMLP stimulus, CaCl 2 exposure activated ␤ 2 -integrin-dependent arrest in store-depleted PMNs within a minute. Under these conditions, WT PMNs had approximately double the rate of intracellular calcium rise as Orai1Ϫ/ϩ PMNs and a significantly more rapid onset of arrest ( Figure 3A) . Thus, the rate of calcium entry is related to Orai1 expression and appears to determine the extent of SOCE-mediated activation of arrest. We confirmed the effects of Orai1 knockdown in HL-60 cells on calcium influx and transition to arrest after thapsigargin treatment ( Figure 3B ). As with Orai1Ϫ/ϩ PMNs, Orai1 knockdown in HL-60 cells significantly reduced peak calcium concentration compared with control transfected cells (689nM vs 375nM, P ϭ .03) and had a significant effect on the arrest fraction after 2 minutes of rolling (75% vs 50%, P ϭ .03). This functional response was dependent on plasma membrane calcium channel influx because pretreatment with 2-APB virtually eliminated calcium entry and significantly diminished arrest to a similar extent in differentiated HL-60 and freshly isolated human PMNs (Figure 3B-C) . Inhibition of PLC with U73122 reduced the rise of intracellular calcium induced by store depletion but to a lesser extent than blocking SOCE with 2-APB. PLC inhibition was more effective than 2-APB in abrogating PMN arrest, indicating that the lipid intermediates created by PLC were downstream of the Ca 2ϩ rise induced by SOCE and Orai1. 35, 37 These data confirm that, in calcium-depleted PMNs, the influx of extracellular calcium is sufficient to trigger PMN arrest and that SOCE is significantly modulated by Orai1 in both human and mouse.
Synchrony in calcium rise, arrest, and polarization is regulated by Orai1
PMN recruitment is a multistep process in which receptor-ligandmediated signaling via selectins and GPCR superpose to activate PMNs isolated from murine Orai1ϩ/ϩ (WT), or Orai1Ϫ/ϩ littermates, 2-day differentiated HL-60 cells, or freshly isolated human PMNs were loaded with fura-2 AM, perfused at a shear stress of 2 dyne/cm 2 into a microfluidic flow chamber consisting of an L-cell monolayer substrate expressing E-selectin, and then 0.1M fMLP was perfused just after time 0 and ratio-imaged by fluorescence microscopy. (A) Representative images of a human PMN decelerating, arresting, and undergoing shape polarization show fura-2 emission, with the intensity of red representing 340 nm excitation (calcium bound) and green representing 380nM excitation (calcium unbound). The average calcium concentration is shown in 1-second increments, and the percentage of cells arrested is shown in 10-second increments. (B) Percentage of arrested and polarized in WT and Orai1Ϫ/ϩ PMNs is based on analysis of more than 150 cells from 4 paired experiments. WT cells had significantly higher arrest and polarization than Orai1Ϫ/ϩ at time points beyond 30 seconds. **P Ͻ .01. (C) HL-60 were transfected with negative control, or Orai1-specific siRNA as indicated, were differentiated for 2 days with 1.3% DMSO and were imaged in the flow channels responding to 0.1M fMLP as in panel A (n ϭ 10 separate experiments). Negative control transfectants were treated with 2-APB or U73122 to completely block SOCE or store release. For Ca 2ϩ quantified at 60 seconds. *P Ͻ .05. **P Ͻ .01. (D) Human PMNs were observed in absence of inhibition (n ϭ 6), in the presence of 100M 2-APB (n ϭ 4), or in the presence of 1M U73122 (n ϭ 4) as indicated. Cells treated with 2-APB had significantly lower arrest fraction at 30 seconds (P ϭ .003) and significantly lower polarization between 50 seconds and 100 seconds (P values range from .007 to .045 compared with the controls). *P Ͻ .05; #P Ͻ .05 (1-tailed t test, P ϭ .059 by 2-tailed t test).
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For personal use only. at UNIV OF CALIFORNIA DAVIS on November 10, 2010. www.bloodjournal.org From ␤ 2 -integrin-dependent arrest and subsequent migration. 38 These signaling events are highly synchronized among a population of PMNs with a variation of no more than 10 seconds in the timing of changes in intracellular calcium with respect to arrest and shape polarization ( Figure 4A-B) . We performed high resolution temporal analysis of the kinetics of intracellular calcium in more than 200 individual PMNs and display the dynamics of cell capture and deceleration to arrest on a substrate of recombinant E-selectin-Ig and ICAM-1-Ig under shear flow. In comparing the kinetics of fMLP stimulation with direct activation via SOCE in thapsigargindepleted PMNs, we observed arrest with a t 1/2 of 20 seconds for fMLP, compared with 50 seconds for thapsigargin. Intracellular calcium reached a maximum at 60 seconds in fMLP-activated PMNs, compared with 120 seconds in thapsigargin-treated PMNs.
In addition, thapsigargin-induced SOCE caused PMN polarization that was comparable, albeit slower, than that caused by fMLP. In both cases, deceleration to arrest was contemporaneous with the calcium rise, which subsequently rose to a plateau, heralding an increase in fraction of PMNs adopting a polarized shape.
We examined in more detail the dynamics in Ca 2ϩ rise within the plane of adhesive contact just after PMNs rolled to arrest, relying on E-selectin-mediated activation of ␤ 2 -integrin-dependent recruitment. 32, 39 Human and mouse PMNs were labeled with fluo-5f, a fluorescent Ca 2ϩ indicator with a fast on rate, and perfused across a glass slide coated with E-selectin-Ig and ICAM-1-Ig. The intensity of fluo-5f emission was imaged by TIRF microscopy, which limits photon excitation of the fluo-5f reporter to within approximately 100 nm of the substrate at sub-second resolution ( Figure 4C ). Cells treated with 2-APB had significantly lower arrest fraction than control at 60 seconds (P ϭ .01). All statistical comparisons in this figure are by 2-tailed t test: *P Ͻ .05; **P Ͻ .01.
Because these cells were not stimulated with fMLP or thapsigargin, this ramp in intracellular calcium was initiated at the membrane during rolling and signaling on E-selectin under shear stress. Calcium flux increased rapidly, reaching a peak within 10 seconds from the baseline value after arrest ( Figure 4D ; supplemental Video 1). SOCE was the source of this calcium flux because treatment with 2-APB suppressed the TIRF signal by 70% in human PMNs (supplemental Video 2). The rise in calcium in WT mouse PMNs For personal use only. at UNIV OF CALIFORNIA DAVIS on November 10, 2010. www.bloodjournal.org From was significantly slower than human requiring more than 30 seconds to reach maximum ( Figure 4E ). In Orai1Ϫ/ϩ PMNs, the calcium signal remained at the background activated in response to rolling on E-selectin, and no sharp increase on arrest was observed as in the WT controls. Taken together, these data implicate Orai1 as a predominant SOCE in mediating calcium entry and activation of ␤ 2 -integrin-dependent PMN arrest within the plane of adhesive contact on E-selectin and ICAM-1 under shear stress.
Discussion
Neutrophil recruitment to a vascular site of inflammation is a serial molecular event that is initiated by selectin and chemokine bond formation that superpose to activate a transition from cell rolling to integrin-dependent arrest and migration. Deletion or disruption of any single receptor-ligand interaction in the multistep process results in defective emigration across inflamed endothelium to the site of injury or infection. 38 Uninterrupted PMN recruitment is a robust and synchronous process that by nature's design is faithfully reproduced a million-fold in healthy people during the innate immune response to inflammatory stimuli. Calcium signaling is an integral part of the integrin and chemokine signaling pathways that govern this recruitment process. [40] [41] [42] Recently, a point mutation in the Orai1 gene was shown to be responsible for the genetic defect in SOCE in T cells and B cells of SCID patients. These patients with defects in Orai1 have severe immunodeficiencies manifest as defects in hair, skin, and sweat gland morphogenesis. 3, 43 Similar phenotypes are found in Orai1-deficient mice, which exhibit disruption of SOCE and impaired intracellular signaling of cell proliferation, cytokine production, integrin activation, and immune cell recruitment to sites of inflammation. 5, 44 Orai1 mRNA is reported to be broadly expressed in mammalian tissues, which may account for defects in adaptive immune responses against infection and pathogen invasion. Although this is the first report of Orai1 function in PMN recruitment in an in vitro model of inflammation, ongoing studies indicate that recruitment to skin inflamed with tumor necrosis factor-␣ in an air pouch model is also defective (E.P. and S.I.S, unpublished data, 2009).
We report that the dynamics of intracellular calcium entry facilitated by Orai1 are precisely synchronized with adhesive activation events and function to accelerate PMN recruitment. Neutrophils possess 4 TRPC channels along with Orai1 for facilitating SOCE, 7, 10 and the following observations support a predominant role for Orai1 in PMNs store-operated function: (1) Knocking down Orai1 with siRNA or deletion of Orai1 in heterozygous mice decreased the rate of intracellular calcium increase by approximately 50%, in proportion to the reduction in the number of active store-operated channels. (2) Activation via the addition of Ca 2ϩ to PMNs in shear flow revealed that SOCE alone could induce arrest and polarization in calcium-depleted cells treated with thapsigargin. Partial deletion of Orai1 in HL-60 resulted in a proportional reduction in the initial rate of calcium entry. These data are comparable with previous measurements of the effect of thapsigargin followed by calcium infusion on T cells and B cells in Orai1 heterozygous mice. 33 (3) Blocking SOCE with 2-APB decreased intracellular calcium influx almost to baseline in response to stimulation with fMLP or thapsigargin, similar to observed impairment of calcium flux in PMNs treated with LaCL 3 . (4) Finally, we discovered that Orai1 was the predominant SOCE supporting membrane Ca ϩ2 entry within the plane of adhesive contact with the inflammatory substrate.
The observation that Orai1 acting through SOCE coordinates and accelerates adhesive and signaling events during inflammatory recruitment raises several questions for future study. Foremost of these questions is this: through what pathway does SOCE influence signaling that leads to leukocyte recruitment? Orai1 could facilitate signaling by the direct local action of calcium entry on activation of ␤ 2 -integrins via the small GTPase regulator for cell adhesion and polarization type I (Rap-1), as depicted in the model of Figure 5A . In addition, Orai1 appears to cooperate with IP 3 channels on calciosomes to refill depleted stores that otherwise would produce less robust calcium release. The finding that store repletion directly activated PMN recruitment by enhancing expression of high-affinity ␤ 2 -integrin (supplemental Figure 3) and that this effect was blocked by 2-APB addition lends credence to the direct local action model. On the other hand, the reduced rate of the early rise in calcium observed in Orai1-deficient mice PMNs and siRNA treated HL-60 cells after fMLP stimulation suggests that initial store release may have been suppressed along with SOCE by these interventions. Because SOCE is vital for maintenance and refilling of stores, it is possible that suppressing Orai1 inhibits PMN signaling through reduced store volume. 45 This question can be directly addressed by measurement of the calcium concentration within the stores, as has previously been done to determine the calcium affinity of STIM1 and STIM2. 46 After arrest, we envision that release of intracellular calcium stores in concert with SOCE results in additional active integrin recruitment as depicted in the schematic model of Figure 5B .
A second major question is how cell arrest is activated by calcium entry given the relatively low cytoplasmic calcium concentration detected during capture and rolling on E-selectin in the microfluidic channels. Because decreasing Orai1 expression or 2-APB inhibition of SOCE function correlated with an arrest defect, it is probable that focal regions of elevated calcium during the initial seconds of calcium entry are sufficient to activate integrins at focal sites of adhesion. Supporting this is the observation of ␤ 2 -integrin colocalization with Orai1 in T cells during immune synapse formation. 47 Binding of integrins may in turn enhance store release and SOCE through the action of associated PLC-␥ isoforms, leading to the postarrest spike in calcium as depicted in Figure 5B . 48, 49 Previous studies show that inside-out signaling of integrin engagement is contemporaneous with rapid increases in calcium, which in turn activates the calcium diacylglycerol guanine nucleotide exchange factor I and Rap-1. 50-52 TIRF in-plane imaging revealed that the spike in calcium from the low baseline value on PMN rolling on E-selectin correlated with the onset of arrest, supporting the premise that integrin-mediated adhesion precedes and can trigger calcium entry within the region of contact. We speculate that feedback between integrin activation and local PLC-␥-coupled calcium entry is responsible for the observed synchrony between the rapid rise in intracellular calcium after arrest perhaps via outside-in signaling from high affinity LFA-1 ( Figure 5B) .
A final question is how SOCE is linked to the signaling processes that underlie PMN conversion to a polarized migratory phenotype. The rate of conversion of Orai1 Ϫ/ϩ PMN-and RNAi-treated HL-60 cells to a polarized shape was found to be reduced by up to 50% compared with their respective controls. Thus, the SOCE appears to have a larger role in precipitating polarization than for arrest, which is reduced by only 20% to 30% for SOCE interventions. Based on their relative timing, we conjecture that arrest induces an outside-in integrin signaling complex, which includes Src family kinase and PLC-␥, initiating peak concentrations of calcium and other secondary messengers, such as PKC responsible for subsequent polarization ( Figure 5C ). Calcium entry may fall off after completion of cell polarization resulting from depolarization of the membrane caused by entry of positive Ca 2ϩ ions. Unlike T cells, which sustain SOCE and elevated calcium for hours, PMNs do not show sensitivity to selective inhibitors against the potassium channels Kv1.3 and KCa3.1, which are required to sustain electrical polarization in T cells despite an influx of positive ions (supplemental Figure 4) . 53, 54 Reduced intracellular calcium may set the stage for the fine-tuning of directional guidance as the PMNs migrate over the course of minutes.
Clearly, there are some limitations to the interpretation of our data, as pharmacologic inhibition of PLC may also eliminate lipid intermediate signals generated by PLC, such as diacylglycerol. Therefore, some of the functional impact of U73122 may be attributed to blockade of downstream kinase signaling rather than direct effects on calcium. Because thapsigargin-induced PMN arrest was abrogated by U73122 despite continued calcium entry via SOCE, we speculate that lipid products significantly contribute to upshift in integrin affinity and the role of PLC in mediating cell arrest. In the same vein, although 2-APB has well-characterized interactions with Orai1-mediated SOCE, under some conditions it has been demonstrated to inhibit IP 3 -gated channels within calcium stores. 35 Thus, interpreting 2-APB inhibition data requires caution. At concentrations less than 10M, 2-APB enhances SOCE possibly by interaction with Orai1. In contrast, at concentrations more than 75M as used here, 2-APB interacts with STIM1 and effectively inhibits SOCE. 37, 55 Consistent with this dose dependence, we found that interleukin-8-stimulated intracellular calcium was suppressed by 100M 2-APB 29 but enhanced by 1 to 10M 2-APB (supplemental Figure 5) . Our measurements were consistent with 2-APB inhibiting SOCE: the compound brought thapsigargin-stimulated intracellular calcium to baseline in PMNs but allowed 20% of the increase in calcium stimulated by fMLP in line with previous measurements of fMLP-induced PLC-dependent store release. 56 In conclusion, Orai1 expressed on circulating PMNs is a component of a predominant SOCE channel. It cooperates with IP 3 -gated channels downstream of PLC in activation of ␤ 2 -integrins and functions to synchronize and hasten the transition from PMN rolling to arrest and shape polarization. Calcium influx appears to be initiated within the plane of adhesive contact and reaches a peak after arrest, perhaps because of membrane shear stresses transmitted from flowing blood to integrins that anchor PMNs to endothelial ICAM-1. We speculate that this local maxima in calcium cooperates with PLC-dependent store release in coordinating actin rearrangement and polarization of the cell, the initial steps in integrin-and chemokine-mediated guidance of PMNs at vascular sites of inflammation.
